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METHOD OF CREATING HIGH-QUALITY RELAXED SiGe-ON-INSULATOR 
FOR STRAINED Si CMOS APPLICATIONS 

DESCRIPTION 
Field of the Invention 
The present invention relates to a method of fabricating a semiconductor substrate 
material, and more particularly to a method of fabricating thin, high-quality, 
substantially relaxed SiGe-on-insulator substrate materials. The relaxed SiGe-on- 
insulator substrate materials of the present invention can be used as a lattice mismatched 
template for creating a strained Si layer thereon by subsequent Si epitaxial overgrowth. 
Such strained Si layers have high carrier mobility and are useful in high-performance 
complementary metal oxide semiconductor (CMOS) applications. The present invention 
is also directed to SiGe-on-insulator substrate materials as well as structures which 
include at least the substrate materials. 

Background of the Invention 
In the semiconductor industry, there has recently been a high-level of activity using 
strained Si-based heterostructures to achieve high mobility structures for CMOS 
applications. Traditionally, the prior art method to implement this has been to grow 
strained Si layers on thick (on the order of from about 1 to about 5 micrometers) relaxed 
SiGe buffer layers. 

Despite the high channel electron mobilities reported for prior art heterostructures; the 
use of thick SiGe buffer .layers has several noticeable disadvantages associated 
therewith. First, thick SiGe buffer layers are not typically easy to integrate with existing 
Si-based CMOS technology. Second, the defect densities, including threading 
dislocations (TDs) and misfit dislocations, are from about 10 5 to about 10 8 defects/cm 2 
which are still too high for realistic VSLI (very large scale integration) applications. 
Thirdly, the nature of the prior art structure precludes selective growth of the SiGe buffer 
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layer so that circuits employing devices with strained Si, unstrained Si and SiGe 
materials are difficult, and in some instances, nearly impossible to integrate. 

In order to produce relaxed SiGe material on a Si substrate, prior art methods typically 
grow a uniform, graded or stepped, SiGe layer to beyond the metastable critical 
thickness (i.e., the thickness beyond which dislocations form to relieve stress) and allow 
misfit dislocations to form, with the associated threading dislocations, through the SiGe 
buffer layer. Various buffer structures have been used to try to increase the length of the 
misfit dislocation section in the structures and thereby to decrease the TD density. 

Another prior art approach, such as described in U.S. Patent Nos. 5,461,243 and 
5,759,898, both to Ek, et al., provides a structure with a strained and defect free 
semiconductor layer wherein a new strain relieve mechanism operates whereby the SiGe 
buffer layer relaxes without the generation of TDs within the SiGe layer. 

Neither the conventional approaches, nor the alternative approaches described in the Ek, 
et al. patents provide a solution that substantially satisfies the material demands for 
device applications, i.e., sufficiently low TD density, substantially little or no misfit 
dislocation density and control over where the TD defects will be formed. As such, 
there is a continued need for developing a new and improved method of forming relaxed 
SiGe-on-insulator substrate materials which are thermodynamically stable against defect 
production. 

Summary of the Invention 
One object of the present invention is to provide a method of fabricating thin, high- 
quality, substantially relaxed SiGe-on-insulator substrate materials. 

Another object of the present invention is to provide a method of fabricating thin, high- 
quality, substantially relaxed SiGe-on-insulator substrate materials which are 
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thermodynamically stable against defect production such as misfit and threading 
dislocations. 

A further object of the present invention is to provide a method of fabricating thin, high- 
quality, substantially relaxed SiGe-on-insulator substrate materials which are compatible 
with CMOS processing steps. 

A yet further object of the present invention is to provide a method of fabricating thin, 
high-quality, substantially relaxed SiGe-on-insulator substrate materials which can then 
be used as lattice mismatched templates, i.e., substrates, for forming strained Si layers. 

A still further object of the present invention is to provide strained Si/substantially 
relaxed SiGe-on-insulator structures which have high carrier mobility and are useful in 
high-performance CMOS applications. 

These and other objects and advantages are achieved in the present invention by utilizing 
a method which includes first forming a SiGe or pure Ge layer on a surface of a first 
single crystal Si layer, said first single crystal Si layer is present atop a barrier layer that 
is resistant to Ge diffusion; and thereafter a heating step is performed at a temperature 
which permits interdiffusion of Ge throughout the first single crystal Si layer and the 
SiGe or pure Ge layer thereby forming a substantially relaxed, single crystal SiGe layer 
atop the barrier layer. It is noted that the substantially relaxed, single crystal layer is 
comprised of a homogeneous mixture of the SiGe or pure Ge layer as well as the first 
single crystal Si layer. 

Following these steps of the present invention, a strained Si layer may be grown 
epitaxially atop the substantially relaxed single crystal SiGe layer to form a strained 
Si/relaxed SiGe-containing heterostructure that can be used in a variety of high- 
performance CMOS applications. 
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In some embodiments of the present invention, the first single crystal Si and barrier layer 
are components of a silicon-on-insulator (SOI) substrate. In other embodiments, the 
barrier layer is formed atop a surface of a semiconductor substrate, and thereafter the 
first single crystal Si layer is formed atop the barrier layer. The latter substrate material 
is a non-SOI substrate. 

The present method also contemplates the use of barrier layers that are unpatterned (i.e., 
barrier layers that are continuous) or patterned (i.e., discrete and isolated barrier regions 
. or islands which are surrounded by semiconductor material). 

In yet another embodiment of the present invention, a Si cap layer is formed atop the 
SiGe or pure Ge layer prior to heating the structure. This embodiment of the present 
invention provides thermodynamically stable (in terms of preventing defect production) 
thin, substantially relaxed SiGe-on-insulator substrate materials. It is noted that the term 
"thin" when used in conjunction with the high-quality, substantially relaxed SiGe-on- 
insulator substrate material, denotes that the SiGe layer has a thickness of about 2000 nm 
or less, with a thickness of from about 10 to about 200 nm being more highly preferred. 

Another aspect of the present invention relates to the SiGe-on-insulator substrate 
material that is formed utilizing the above-mentioned processing steps. Specifically, the 
inventive substrate material comprises a Si-containing substrate; an insulating region 
that is resistant to Ge diffusion present atop the Si-containing substrate; and a 
substantially relaxed SiGe layer present atop the insulating region, wherein the 
substantially relaxed SiGe layer has a thickness of about 2000 nm or less. 

A yet further aspect of the present invention relates to a heterostructure which includes 
at least the above-mentioned substrate material. Specifically, the heterostructure of the 
present invention comprises a Si-containing substrate; an insulating region that is 
resistant to Ge diffusion present atop the Si-containing substrate; 



YOR920010499US1 



4 



a substantially relaxed SiGe layer present atop the insulating region, wherein the 
substantially relaxed SiGe layer has a thickness of about 2000 nm or less; and a strained 
Si layer formed atop the substantially relaxed SiGe layer. 

Other aspects of the present invention relate to superlattice structures as well as 
templates for other lattice mismatched structures which include at least the SiGe-on- 
insulator substrate material of the present invention. 

Brief Description of the Drawings 
FIGS 1 A- ID are pictorial representations (through cross-sectional views) showing the 
basic processing steps that are employed in the present invention in fabricating a thin, 
high-quality, substantially relaxed SiGe-on-insulator substrate material wherein the 
initial substrate includes an unpatterned diffusion barrier region. 

FIGS 2A-D are pictorial representations (through cross-sectional views) showing the 
basic processing steps that are employed in an alternative embodiment of the present 
invention in fabricating a thin, high-quality, substantially relaxed SiGe-on-insulator 
substrate material wherein the initial substrate includes a patterned diffusion barrier 
region. 

FIGS 3A-3B are pictorial representations (through cross-sectional views) showing an 
alternative embodiment of the present invention wherein a Si cap layer is formed atop a 
Ge or SiGe layer which is formed on an unpatterned (3 A) or patterned (3 B) substrate. 

FIGS 4A-4B are pictorial representations (through cross-sectional views) showing the 
formation of a strained Si layer on the thin, high-quality, substantially relaxed SiGe-on- 
insulator substrate material of FIGS ID and 2D, respectively. 
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Detailed Description of the Invention 
The present invention, which provides a method of fabricating thin, high-quality, 
substantially relaxed SiGe-on-insulator substrate materials which can then serve as a 
lattice mismatched template for subsequent overgrowth of epitaxial Si, will now be 
5 described in greater detail by referring to the drawings the accompany the present 
application. It is noted that in the accompanying drawings like and/or corresponding 
elements are referred to by like reference numerals. 

Reference is first made to FIG 1 A and FIG 2 A which show initial substrate materials 
10 that can be employed in the present invention. Specifically, the initial substrate 

materials illustrated in FIGS 1 A and 2 A each comprise Si-containing semiconductor 
substrate 10, barrier layer 12 which is resistant to Ge diffusion (hereinafter "barrier 
u, layer") present atop a surface of Si-containing semiconductor substrate 10 and first 

p single crystal Si layer 14 having misfit and TD densities of less than about 1x10 s 

IH 15 defects/cm 2 present atop the barrier layer. The difference between the two initial 

in 

j4 structures depicted in the drawings is that, in FIG 1 A, the barrier layer is present 

Li] 

g continuously throughout the entire structure, whereas in FIG 2A, the barrier layer is 

■ present as discrete and isolated regions or islands that are surrounded by semiconductor 

U material, i.e., layers 10 and 14. Note that the initial structure shown in FIG 1 A thus 

20 includes an unpatterned barrier layer, whereas the initial structure of FIG 2 A includes a 



patterned barrier layer. 

Notwithstanding whether the barrier layer is patterned or unpatterned, the initial 
structure may be a conventional silicon-on-insulator (SOI) substrate material wherein 
25 region 12 is a buried oxide region which electrically isolates first single crystal Si layer 
14 from Si-containing substrate semiconductor substrate 10. The term "Si-containing" 
as used herein denotes a semiconductor substrate that includes at least silicon. 
Illustrative examples include, but are not limited to: Si, SiGe, SiC, SiGeC, Si/Si, Si/SiC, 
Si/SiGeC, and preformed silicon-on-insulators which may include any number of buried 
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oxide (continuous, non-continuous or mixtures of continuous and non-continuous) 
regions present therein. 

The SOI substrate may be formed utilizing conventional SIMOX (separation by ion 
implantation of oxygen) processes well known to those skilled in the art, as well as the 
various SIMOX processes mentioned in co-assigned U.S. Patent Applications Serial 
Nos. 09/861,593, filed May 21, 2001; 09/861,594, filed May 21, 2001; 09/861,590, filed 
May 21, 2001; 09/861,596, filed May 21, 2001; and 09/884,670, filed June 19, 2001 as 
well as U.S. Patent No. 5,930,634 to Sadana, et al., the entire contents of each are being 
incorporated herein by reference. Note that the process disclosed in the '590 application 
can be employed herein to fabricate the patterned substrate shown in FIG 2A. 
Alternatively, the SOI substrate material may be made using other conventional 
processes including, for example, a thermal bonding and cutting process. 

In addition to SOI substrates, the initial substrates shown in FIGS 1A and 2 A maybe a 
non-SOI substrate which is made using conventional deposition processes as well as 
lithography and etching (employed when fabricating a patterned substrate). Specifically, 
when non-SOI substrates are employed, the initial structure is formed by depositing a Ge 
diffusion barrier layer atop a surface of a Si-containing substrate, via conventional 
deposition or thermal growing processes, optionally patterning the barrier layer by 
employing conventional lithography and etching; and thereafter forming a single crystal 
Si layer atop the barrier layer using conventional deposition processes including 
chemical vapor deposition (CVD), plasma-assisted CVD, sputtering, evaporation, 
chemical solution deposition or epitaxial Si growth. 

Barrier layer 12 of the initial structure shown in FIGS 1 A and 2A comprises any 
insulating material which is highly resistant to Ge diffusion. Examples of such 
insulating and Ge diffusion resistant materials include, but are not limited to: crystalline 
or non-crystalline oxides or nitrides. 
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The thickness of the various layers of the initial structure may vary depending on the 
process used in making the same. Typically, however, single crystal Si layer 14 has a 
thickness of from about 1 to about 2000 nm, with a thickness of from about 20 to about 
200 nm being more highly preferred. In the case of barrier layer 12 (i.e., Ge diffusion 
resistant layer), that layer may have a thickness of from about 1 to about 1000 nm, with a 
thickness of from about 20 to about 200 nm being more highly preferred. The thickness 
of the Si-containing substrate layer, i.e., layer 10, is inconsequential to the present 
invention. It is noted that the thicknesses provided above are exemplary and by no ways 
•limit the scope of the present invention. 

FIGS IB and 2B illustrate the structure that is formed after SiGe or pure Ge layer 16 is 
formed atop first single crystal Si layer 14. The term "SiGe layer" includes SiGe alloys 
that comprise up to 99.99 atomic percent Ge, whereas pure Ge includes layers that 
comprise 100 atomic percent Ge. When SiGe layers are employed, it is preferred that 
the Ge content in the SiGe layer be from about 0.1 to about 99.9 atomic percent, with a 
Ge atomic percent of from about 10 to about 35 being even more highly preferred. 

In accordance with the present invention, the SiGe or Ge layer is formed atop first single 
crystal Si layer 14 using any conventional epitaxial growth method that is well known to 
those skilled in the art which is capable of (i) growing a thermodynamically stable 
(below a critical thickness) SiGe or pure Ge layer, or (ii) growing a SiGe or pure Ge 
layer that is metastable and free from defects, i.e., misfit and TD dislocations. 
Illustrative examples of such epitaxial growing processes that are capable of satisfy 
conditions (i) or (ii) include, but are not limited to: low-pressure chemical vapor 
deposition (LPCVD), ultra-high vacuum chemical vapor deposition (UHVCVD), 
atmospheric pressure chemical vapor deposition (APCVD), molecular beam (MBE) 
epitaxy and plasma-enhanced chemical vapor deposition (PECVD). 
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The thickness of the SiGe or pure Ge layer formed at this point of the present invention 
may vary, but typically layer 16 has a thickness of from about 10 to about 500 nm, with 
a thickness of from about 20 to about 200 nm being more highly preferred. 

In an alternative embodiment of the present invention, see FIG 3A-3B, optional cap 
layer 1 8 is formed atop SiGe or pure Ge layer 1 6 prior to performing the heating step of 
the present invention. The optional cap layer employed in the present invention 
comprises any Si material including, but not limited to: epitaxial silicon (epi-Si), 
amorphous silicon (a: Si), single or polycrystalline Si or any combination thereof 
including multilayers. In a preferred embodiment, the cap layer is comprised of epi Si. 
It is noted that layers 16 and 18 may, or may not, be formed in the same reaction 
chamber. 

When present, optional cap layer 1 8 has a thickness of from about 1 to about 100 nm, 
with a thickness of from about 1 to about 30 nm being more highly preferred. The 
optional cap layer is formed utilizing any well-known deposition process including the 
epitaxial growth processes mentioned above. 

In one embodiment of the present invention, it is preferred to form a pure Ge or SiGe (15 
to 20 atomic percent Ge) layer having a thickness of from about 1 to about 2000 nm on 
the surface of a single crystal Si layer, and thereafter forming a Si cap layer having a 
thickness of from about 1 to about 100 nm atop the Ge or SiGe layer. 

After forming the pure Ge or SiGe layer (or optional cap layer) atop the initial structure, 
the structure shown in either FIG IB, 2B, 3A or 3B is then heated, i.e., annealed, at a 
temperature which permits interdiffusion of Ge throughout first single crystal Si layer 
14, SiGe or pure Ge layer 16 and, if present, the optional Si cap thereby forming 
substantially relaxed, single crystal SiGe layer 20 atop said barrier layer. Note that 
oxide layer 22 is formed atop layer 20 during the heating step. This oxide layer is 
typically, but not always, removed from the structure after the heating step using a 
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conventional wet etch process wherein a chemical etchant such as HF that has a high 
selectivity for removing oxide as compared to SiGe is employed. 

Note that when the oxide layer is removed, a second single crystal Si layer can be 
formed atop layer 20 and the above processing steps of the present invention may be 
repeated any number of times to produce a multilayered relaxed SiGe substrate material. 

The oxide layer formed after the heating step of the present invention has a variable 
thickness which may range from about 10 to about 1000 nm, with a thickness of from 
about 20 to about 500 nm being more highly preferred. 

Specifically, the heating step of the present invention is an annealing step which is 
performed at a temperature of from about 900° to about 1350°C, with a temperature of 
from about 1200° to about 1335°C being more highly preferred. Moreover, the heating 
step of the present invention is carried out in an oxidizing ambient which includes at 
least one oxygen-containing gas such as 0 2 , NO, N 2 0, ozone, air and other like oxygen- 
containing gases. The oxygen-containing gas may be admixed with each other (such as 
an admixture of 0 2 and NO), or the gas may be diluted with an inert gas such as He, Ar, 
N 2 ,Xe,Kr,orNe. 

The heating step may be carried out for a variable period of time which typically ranges 
from about 10 to about 1800 minutes, with a time period of from about 60 to about 600 
minutes being more highly preferred. The heating step may be carried out at a single 
targeted temperature, or various ramp and soak cycles using various ramp rates and soak 
times can be employed. 

The heating step is performed under an oxidizing ambient to achieve the presence of a 
surface oxide layer, i.e., layer 22, which acts as a diffusion barrier to Ge atoms. 
Therefore, once the oxide layer is formed on the surface of the structure, Ge becomes 
trapped between barrier layer 12 and oxide layer 22. As the surface oxide increases in 

YOR920010499US1 10 



# 

thickness, the Ge becomes more uniformly distributed throughout layers 14, 16, and 
optionally 1 8, but* it is continually and efficiently rejected from the encroaching oxide 
layer. So as the (now homogenized) layers are thinned during this heating step, the 
relative Ge fraction increases. Efficient thermal mixing is achieved in the present 
invention when the heating step is carried out at a temperature of from about 1200° to 
about 1 320°C in a diluted oxygen-containing gas. 

It is also contemplated herein to use a tailored heat cycle which is based upon the 
melting point of the SiGe layer. In such an instance, the temperature is adjusted to tract 
below the melting point of the SiGe layer. 

Note that if the oxidation occurs too rapidly, Ge cannot diffuse away from the surface 
oxide/SiGe interface fast enough and is either transported through the oxide (and lost) or 
the interfacial concentration of Ge becomes so high that the alloy melting temperature 
will be reached. 

The role of the heating step of the present invention is (1) to allow Ge atoms to diffuse N 
more quickly thereby maintaining a homogeneous distribution during annealing; and (2) 
to subject the ('initially') strained layer structure to a thermal budget which will facilitate 
an equilibrium configuration. After this heating step has been performed, the structure 
includes a uniform and substantially relaxed SiGe alloy layer, i.e., layer 20, sandwiched 
between barrier layer 12 and surface oxide layer 22. 

In accordance with the present invention, relaxed SiGe layer 20 has a thickness of about 
2000 nm or less, with a thickness of from about 10 to about 100 nm being more highly 
preferred. Note that the relaxed SiGe layer formed in the present invention is thinner 
than prior art SiGe buffer layers and has a defect density including misfits and TDs, of 
less than about 10 8 defects/cm 2 . 



YOR920010499US1 



11 



The relaxed SiGe layer formed in the present invention has a final Ge content of from 
about 0.1 to about 99.9 atomic percent, with an atomic percent of Ge of from about 10 to 
about 35 being more highly preferred. Another characteristic feature of relaxed SiGe 
layer 22 is that it has a measured lattice relaxation of from about 1 to about 100 %, with 
a measured lattice relaxation of from about 50 to about 80 % being more highly 
preferred. 

As stated above, surface oxide layer 22 may be stripped at this point of the present 
invention so as to provide the SiGe-on-insulator substrate material shown, for example, 
in FIGS ID or 2D (note that the substrate material does not include the cap layer since 
that layer has been used in forming the relaxed SiGe layer). 

FIGS 4A-B show the structure that is obtained after forming Si layer 24 atop SiGe layer 
of FIGS ID and 2D, respectively. Si layer 24 is formed using a conventional epitaxial 
deposition process well known in the art. The thickness of epi-Si layer 24 may vary, but 
typically, epi-Si layer 24 has a thickness of from about 1 to about 100 nm, with a 
thickness of from about 1 to about 30 nm being more highly preferred. 

In some instances, additional SiGe can be formed atop relaxed SiGe layer 20 utilizing 
the above mentioned processing steps, and thereafter epi-Si layer 24 may be formed. 
Because layer 20 has a large in-plane lattice parameter as compared to epi-layer 24, epi- 
layer 24 will be strained in a tensile manner. 

As stated above, the present invention also contemplates superlattice structures as well 
as lattice mismatched structures which include at least the SiGe-on-insulator substrate 
material of the present invention. In the case of superlattice structures, such structures 
would include at least the substantially relaxed SiGe-on-insulator substrate material of 
the present invention, and alternating layers Si and SiGe formed atop the substantially 
relaxed SiGe layer of the substrate material. 
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In the case of lattice mismatched structures, GaAs, GaP or other like compound would 
be formed atop the substantially relaxed SiGe layer of the inventive SiGe-on-insulator 
substrate material. 

While the present invention has been particularly shown and described with respect to 
preferred embodiments thereof, it will be understood by those skilled in the art that the 
foregoing and other changes in forms and details may be made without departing from 
the scope and spirit of the present invention. It is therefore intended that the present 
invention not be limited to the exact forms and details described and illustrated, but fall 
within the scope of the appended claims. 
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